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ABSTRACT 
 
State-of-the art microfabrication techniques enable new understanding of surface 
phenomena such as liquid wetting and dry adhesion. This understanding led to a surge of design 
and fabrication of novel non- and directional wetting, self-cleaning, anti-biofouling and energy 
efficient surface textures. This work focuses on designing new dynamic surfaces that can change 
their micro and nanoscale texture due to in-plane mechanical strain. The studied textured surfaces 
have vertical 1D nanostructures, such as carbon nanotubes, integrated on flexible carrier films with 
inclined angle-tunable microstructures. An example of hierarchical geometry is proposed and 
fabricated using a double-molding technique. Finite Element Analysis shows that the 
nanostructure angle can be tuned from –45 to +40 degrees while the space among their 
periodicity changes by 320% due to in-plane tensile film strain. Two types of molds are designed 
and fabricated: inclined wavy surface features fabricated with stereolithography with periodicity 
of 250 microns and kinematically coupled alignment grooves; tilted SU8 microstructures with 
periodicity of 50 microns made by inclined photolithography. Both molds were used to cast films 
of 100 micron thickness from polydimethyl siloxane (PDMS); and releasing the film was 
achieved using a sacrificial mold coating of 300 nm thick PMMA. With PDMS thin films bearing 
arrays of nanostructures with tunable angles, these surfaces can change surface roughness by 
external stimuli; for instance, by applied mechanical strain, further change a wide range of optical, 
wetting, adhesive and other surface properties. In other words, the strategy here is not only with 
reversible surface properties but also can be triggered by a wide range of stimuli. 
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 CHAPTER 1 INTRODUCTION 
The goal of this thesis is to invent and study new scalable ways to fabricate 3D films with 
asymmetric waviness. The films have the geometry of inclined wavy microstructures, which 
have the ability to change their inclination angle with applied in-plane strain. Also, the wavy 
geometry will be coated with carbon nanotubes and/or nanowires to impart dynamic 
multi-functional properties as the geometry is changed. This new geometry, and the associated 
heterogeneous material integration, is not currently realizable with standard micro/nano 
fabrication techniques. Additionally, since the goal of these new surface textures to be applied on 
large areas, scalable processing is required. In this chapter, I outline the specific manufacturing 
and functional properties objective of the thesis. 
 
1.1 Manufacturing objectives 
Asymmetric film fabrication: There has been intense interest recently in fabricating 
surfaces with micro- and nanostructured topographies to enhance interface performance. 
For instance, arrays of asymmetric surface features, such as arrays of grooves, inclined 
pillars, and helical protrusions, have been shown to have unique anisotropy in properties of 
wetting, adhesion, thermal and/or electrical conductivity, optical activity. For example, Chu 
et al. (2010) demonstrated a liquid droplet is primarily spreading in one direction and 
pinning occurs in the other directions on a substrate [1]. This anisotropic wetting behavior is 
distinct in comparison with other engineered surfaces owing to the asymmetric array of 
nanostructured geometry of the fabricated substrate. In general, these fabrication methods 
can be classified in terms of aspect ratio (AR) into planar features patterning (2D), variable 
geometry in vertical direction (3D) and high-aspect-ratio vertical features as 2.5D; also, for 
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one application one can combine more than one fabrication methods enabling more 
sophisticated designs [2]. Therefore, in this thesis I am interested in developing a new 
method to combine two technologies for a dynamic surface: wrinkling of thin films and 
transfer-printable planar micro/nanostructures, and this integration of 2D formation of the 
wrinkles and 2D planar growth of nanowires will become a newly developed 3D film with 
asymmetric waviness. With this asymmetric geometry, the film is highly potential to present 
anisotropic properties of wetting and optical behavior. 
To realize a wavy thin film with certain inclined angle using standard fabrication 
technologies is not realizable (except for serial methods such as 2-photon lithography) due 
the limitation of 2.5D fabrication methods which can only provide vertical sidewalls of 
surface profiles (Fig 1.1 Left). Additionally, a rectangular corner on the film is a geometric 
discontinuity which will cause high stress concentration and failure when the film is 
dynamically stretched. Therefore, to minimize stress concentrations, a round, winkle-like 
profile of the film is needed in the design (Fig 1.1 Middle). Ideally, my goal is to make a 
wavy film with inclined angle as shown in Fig 1.1 Right. 
 
   
2.5D  3D (symmetric) Proposed: 3D (asymmetric) 
Fig 1.1 Surface profiles made by different fabrication methods 
 
Wrinkling is a novel and scalable way to fabricate wavy surfaces over large area. It is 
known that the formation of wrinkles results from the residual stress due to thermal 
expansion or material properties mismatch and this stress gradient varies across the 
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thickness of thin films [3]. The wrinkling formation mechanism of the stiff film on 
compliant substrate of PDMS, and the substrate is heated and expends as a result during the 
deposition of the stiff film. This spontaneous generation of film buckling is then induced by 
compressive thermal stress in the metal films upon cooling. Several promising applications 
of wrinkled surfaces, such as microfluidic channels [4]
 
and template for guiding cell 
proliferation
 
[5]were demonstrated; and the theory of thin film wrinkling is developed to the 
extent of using wrinkled film patterns to estimate the elastic modulus of a very thin film by 
observation of the periodicity of the wrinkles
 
[6]. However, the geometry achieved with 
these methods is symmetric with uniform wavelength and amplitude (Fig 1.2). A possible 
patterning technique to locally vary the stiffness could lead to asymmetric inclined wrinkles; 
however this has not been explored within the scope of this thesis. Instead, a new developed 
method of double molding is introduced and applied to this thesis to make thin films with 
asymmetric waves. 
 
 
Fig 1.2 2D network of wrinkles made by e-beam evaporation of a thin metal film on a 
PDMS substrate; wrinkles occur after deposition due to thermal expansion mismatch 
(Picture is adapted from [3], copyright 1998 AAAS.) 
 
Double-molding is the use of molds from both the top and bottom to achieve a thin 
film which has the required features on both sides. This is in contrast with regular 
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micro-molding where small features are molded on one side in a semi-infinite film 
configuration. The manufacturing objective then becomes (1) the design and manufacturing 
of the molds, (2) their uniform and precise alignment, and (3) the casting of the PDMS and 
filling the molds with uniform thickness and no porosity, (4) the removal of the film after 
molding. 
Nanostructures Integration: In addition, vertically aligned nanostructures such as 
carbon nanotubes (CNTs) and semiconducting nanowires have superior electrical and 
thermal transport, mechanical and interfacial properties. They can be synthesized using 
Chemical Vapor Deposition (CVD) methods and on large scales. However, they are usually 
synthesized on brittle and expensive substrates such as Quartz or silicon having a flat 
surface geometry. For instance, CNTs are promising candidate for use as functional 
nanostructures owing to their exceptional wetting, electronic and mechanical properties.  
Additionally, CNTs are readily patterned into desired shapes by photolithographically 
defined catalysts and/or even 3D geometries by self-directed capillary forming [7]. The 
diversity of CNT microarchitectures could enable the design of film with multi-functional 
applications. 
Semiconducting nanowires are also of interest especially for micro solar cells. Recently, 
the growth of the planar GaAs nanowires has been realized in metal catalyzed metal organic 
chemical vapor deposition (MOCVD) [8]. These can self-align along <110> direction on 
(001) substrate. Planar nanowires are suitable for integration with conventional planar 
processing techniques. In this thesis, I focused on using CNTs. My goal is to develop new 
post processing techniques to transfer and anchor CNTs with specific orientations onto 
elastomeric surfaces having complex 3D geometries. 
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1.2 Performance specification and applications 
The asymmetric wavy PDMS film represents a support which enables the dynamic 
variation of the surface features.  Nanostructures such as CNTs are responsible for the film 
functionality (schematic is shown in Fig 1.3). Simple mechanical forces applied from two 
ends of the film or thermal expansion when the temperature changes with a certain 
frequency; result in fast nanowires rotation in the out-of-plane direction while straightening 
the wavy surface. In other words, the motion and/or angle of the nanowires can be altered 
by a known external force. Also, with a unique wavy profile of the film, it is expected that 
the as-transferred wires on the film can have a more than 90 degrees of out-of-plane motion 
(rotation) resulting in considerable tuning of the film surface morphology when the film 
subjected to external forces. This novel strategy, which the surface features can change with 
external stimuli, will cause a change of surface properties such as wetting property, which is 
the main focus of this thesis. Other application of interest will be tunable dry adhesion. 
Therefore, as a demonstration of the concept, I specified the performance goal to the ability 
of small wave-like features on thin film (< 50 μm) to change their orientation from one side 
to the other with respect to the normal to the plane of the film; and to measure this change in 
geometry and its effect on the contact angle of droplets of liquid with various intrinsic 
contact angles. 
 
  
Relaxing state Loading state 
Fig 1.3 Schematic of studied film design and its expected deformation under tension 
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The thesis is organized as follows: 
Chapter 1 describes the motivation of the research from two perspectives: the 
manufacturing and development of new manufacturing technique of films with complex 3D 
geometries; and the mechanics of geometric tuning of thin films and the expected variation 
in surface properties.  
Chapter 2 covers the literature review where I describe the current status of dynamic 
surfaces which refers to new materials that imparting micro-/nanostructures to have 
anisotropic behaviors with the change of external fields. The wettability models of a 
textured surface and the wetting property of CNT is also reviewed and studied in this 
chapter. 
Chapter 3 describes the design of a new surface and its architecture. An asymmetric 
wavy geometry film with inclined micro/nano structures attached is described. Finite 
element analysis is applied to study the deformation of the film by employing hyperelastic 
materials property. Finally, based on the simulation results to build a wetting model and 
predict the spreading of droplets on this unique dynamic surface. 
Chapter 4 presents the fabrication methods and challenges of wavy PDMS film with 
inclined waviness. RP molds and inclined photolithography SU-8 molds are both designed 
and fabricated to cast wavy PDMS films by two different methods and alignment concerns. 
The method and tool of CNT synthesis and transfer is also described in this chapter. 
Chapter 5 shows the as-formed PDMS thin films from RP molds and SU-8 molds. 
Challenges in the fabrication and methods to overcome are addressed. Also, the film 
stretching experiment is conducted in order to compare the strain behavior of the films due 
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to in-plane tensile testing with FEA model. A preliminary wetting experiment is also 
conducted expecting to see the wetting property of the surface changing with applied strain. 
Chapter 6 summarizes the contributions of the thesis, and reflects on future challenges 
in this dynamic surface. Fundamental and practical questions for future work are presented 
hoping to foster greater understanding of the mechanisms behind as well as its potential 
applications in many fields.  
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CHAPTER 2 LITERATURE REVIEWS 
In this section, a summary of wettability of a textured surface will be first reviewed. 
Following by a literature review of the current status of imparting micro-/nanostructures to make 
surfaces have anisotropic behaviors will be outlined. Finally, the wetting property of CNT will be 
briefly introduced. 
 
2.1 Wetting models of textured surfaces 
Changing wetting property of a surface is the main interest and application of our 
design; therefore, how the droplet responses with the textured surface matters: wetting or 
non-wetting the surface is important. According to this, the degree of wetting (wettability) 
and some basic wetting models are summarized. 
It is known that the contact angle 𝜃𝐸  of a liquid droplet on a solid, smooth and 
chemically homogeneous surface is given by Young’s relation [9]: 
cos 𝜃𝐸 =
𝛾𝑆𝑉 − 𝛾𝑆𝐿
𝛾𝐿𝑉
 
Where 𝛾𝐼𝐽 designates the surface tension (or energy) between phase I and J, which relates 
the surface tensions between the three phases: solid, liquid and gas. Subsequently this 
predicts the contact angle of a liquid droplet on a solid surface from knowledge of the three 
surface energies involved.  
However, in real world, the surfaces of solid are typically both heterogeneous and 
rough. The Young equation becomes invalid in many cases that surfaces are far from this 
ideal flat and smooth situation. Therefore, it is important to study how these defects can 
influence wetting. Surface structure can change wetting properties in an important way. 
Studies undertaken so far have focused on two main ways to alter the surfaces: patterned 
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surfaces, for which the wetting properties vary spatially in a controlled way, and structured 
surfaces, for which the geometry of the surface is controlled but its chemical structure is the 
same everywhere [10]. For rough or patterned surfaces, minimization of the free energy 
leads to an equilibrium effective contact angle 𝜃∗, that accounts for the extra area of the 
droplet that is in contact with the solid (Fig 2.1, Left) [11]: 
cos  𝜃∗ = 𝑟 cos 𝜃𝐸  
Here r is the ratio of the real to the projected area covered by the droplet.  
On the other hand, if only chemical heterogeneity is present such that the spreading 
coefficient varies locally, the contact angle is given by the average value of the spreading 
coefficient as given by the Cassie-Baxter equation (Fig 2.1, Right) [12]. We will now 
assume the surface is made of two species, each characterized by its own contact angle 𝜃1 
and 𝜃2, respectively. Also, the 𝑓1 and 𝑓2 are donated as the fractional surface areas 
occupied by each of these species ( 𝑓1 + 𝑓2 = 1 ). The Cassie-Baxter relation is:  
cos 𝜃∗ = 𝑓1 cos 𝜃1 + 𝑓2 cos 𝜃2 
Of course, the transition from Cassie-Baxter state to Wenzel state also exists. At this 
stage, the air pockets are no longer thermodynamically stable and liquid begins to nucleate 
from the middle of the drop, creating a “mushroom state” (Fig 2.1, Middle). Notably, the 
Cassie-Baxter or Wenzel models can be used only of the size of the droplet is much larger 
than that of the surface texture so that the average contact angle of the droplet depends on 
the average properties of the substrate.  
After understanding these models, we are going to use this background to exam the 
performance of our system. 
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Wenzel Model Transition state Cassie-Baxter model 
Fig 2.1 Wetting models for non-ideal rough solid surfaces (pictures from Wikipedia) 
   
2.2 Anisotropic surfaces 
A considerable amount of research has been devoted to designing and fabricating 
anisotropic surfaces, see [2] as a review. In this article, they define surfaces with anisotropic 
properties are those which lead to anisotropic transformation of applied fields (i.e., 
mechanical and/or chemical). And the anisotropy of the surface is resulted from the 
geometry and/or arrangement of surface features. In this section, few examples of 
anisotropic surfaces will be studied.  
 
2.2.1 Dynamic, adaptive fluidic surfaces for multifunctional tunability 
Dynamic fluid surfaces are a ubiquitous component of natural adaptive systems, 
such as the tear films on eyes [13]. The fluid's ability to flow and configure itself 
around a variety of surfaces provides unique responsive mechanisms not possible with 
solid materials alone. 
Professor Aizenberg from Harvard University has successfully demonstrated a 
new type of adaptive material which is inspired by fluid surfaces [14]. This material is 
made of a liquid film supported by a nanoporous elastic substrate. Such nanoporous 
networks ensure the retention of the lubricating liquid, which can flow and redistribute 
11 
 
in response to external stimuli. As the substrate deforms, the liquid flows within the 
pores, causing the smooth and defect-free liquid surface to roughen through a 
continuous range of topographies. The substrate's elasticity makes these changes 
reversible. They also showed that a mechanical stimulus can be directly translated into 
dynamic adjustments of wettability and optical transparency. By stretching and 
relaxing the material, reversibly stop and start droplets of water or oil sliding down the 
surface can be achieved. Moreover, highly precise and reversible optical fine-tuning 
can be obtained with the same material.  
With this kind of stimulus-sensitivity material, the surface topographies can be 
easily adjusted to produce desired surface properties making it has a lot of potential 
applications, such as the material of tents that block light on a sunny day, but become 
both transparent and water-repellent on a dim rainy day. The ability to adapt the film 
surfaces which provides the possibilities of multifunctional surfaces. 
 
2.2.2 Real-Time Manipulation with Magnetically Tunable Structures 
Researchers have fabricated a new elastic material coated with microscopic, 
hairlike structures that tilt in response to a magnetic field. Depending on the magnetic 
field’s orientation, the microhairs can tilt to form a path through which fluid can flow; 
the material can even direct water upward, against gravity[15]. 
The microhair is made of nickel with the dimension of 70 microns high and 25 
microns wide. They fabricated an array of the microhairs onto an elastic, transparent 
layer of silicone. In experiments, the team piped a water solution through a syringe and 
onto the microhair array. Under a magnetic field, the liquid only flowed in the 
direction in which the pillars tilted, while being highly “pinned,” or fixed in all other 
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directions, which is a representative of anisotropic wetting effect. Also, the 
magnetically activated material directed not just the flow of fluid (wetting property), 
but also light (optical property), much as window blinds tilt to filter the sun. 
Researchers say the work could lead to waterproofing and anti-glare applications, such 
as “smart windows” for buildings and cars. 
 
These two cases show that a considerable amount of research has been devoted to 
designing anisotropic surfaces. 
 
2.3 Wettability of Carbon nanotubes 
The wettability of carbon nanotubes has been extensively studied for their potential 
applications on the nanometer scale [16]. The carbon nanotubes (CNTs) are inherently 
hydrophobic, with a water contact angle of less than 86 degree. However, when they are 
arranged in a textured manner on substrates having different surface topographies, different 
wettabilities are showed, see [17] for a general review. These ranges from hydrophilic to 
hydrophobic and even superhydrophobic, and with isotropic to anisotropic contact angle 
hysteresis. If chemical modification is involved, the wettability can be adjusted from 
superhydrophobic to superhydrophilic on a certain structured CNTs. 
First of all, the wettability of CNTs on the macroscale can be classified as follow (Fig 
2.2): 
 Wetting on isotropically rough (unpatterned) CNTs: an isotropically rough 
surface is defined as homogeneous textured CNTs without directional differences. 
Isotropic wetting of the nanostructured CNTs can lead to deformation of 
alignment onto macro-patterns, caused by the self-assembly of nanotubes driven 
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by capillary forces (Fig 2.2a). It can be modified by appropriate chemical 
modification to avoid this self-assembly (upper in Fig 2.2b) or by building 
hierarchically structured CNT (lower in Fig 2.2b), where stable 
superhydrophobicity is observed. 
 Wetting on anisotropically rough (2D or 3D patterned) CNTs: A 2D patterned 
CNT is grown with different spacings in the mutually orthogonal directions, looks 
like micro grooves, so the droplet will only slide and roll off along one direction 
[18]. Compared to 2D anisotropic CNTs, it is more complicated for water droplet 
to move on 3D anisotropic CNTs, sometimes even beyond the scope of traditional 
Wenzal and Cassie equations. However, research on this domain still remain a 
challenge [17]. 
 
Variation of CNT surface structure, such as patterning combined with 
functionally-oriented surface modifications, has allowed us to successfully manipulate the 
wettability of CNTs.  
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Fig 2.2 Schematic of wetting on CNTs (Picture taken from [17]) 
Initial contact with a water droplet, a high water contact angle is 
observed (middle). Wetting on isotropically rough CNTs is illustrated in 
the yellow frames. (a)Water permeating the CNTs can result in 
self-assembly into micropatterns.(b) Chemical modification of 
nano-structured CNTs and construction of hierarchical structures on the 
CNTs can lead to a superhydrophobic surface. Wetting on 
anisotropically rough CNTs is illustrated in the blue frames. (c) Wetting 
on two-dimensional (upper frame) and three-dimensional (lower frame) 
anisotropically rough CNTs. (d) Wetting on chemically modified 
anisotropically rough CNTs remains a challenge. 
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CHAPTER 3 DESIGN AND ANALYSIS 
This chapter describes the rationale of the selected surface waviness and architecture. An 
example of asymmetric wavy geometry with inclined nanowires is described. As this film is 
stretched in the plane, the amplitude of the waves decrease, the periodicity increases, which 
means the surface becomes flatter and the nanowires rotate by approximately twice their angle 
with respect to the normal to the surface thus changing their orientation. Using Finite Element 
Analysis the surface evolution is obtained as a function of in-plane tensile strain by employing 
hyperelastic materials model. 
 
3.1 Surface feature—dimensions, parameters 
The original shape of wrinkles is more like an inclined circular wave. This 
deterministic geometry is in contrast with, for example, sine or cosine functions obtained 
from wrinkling or buckling (Fig 3.1). The motivation for selecting inclined geometry is the 
following: when attaching the nanowires or carbon nanotubes on one side of a symmetric 
sine wave surface and then applying an external load to stretch the surface, one can only 
make a small angle of out-of-plane rotation of the nanowires. Also, this will only make the 
nanowires move towards to the surface thus making it flatter, which limits its potential 
applications. In order to achieve a larger angle of out-of-plane rotation from one side to the 
other with respect to the normal to the film plane, asymmetric wavy features are proposed 
(shown in Fig 3.2). With this change, the nanowires protruding from the sides of the wave 
features can have a larger than ninety degrees of out-of-plane rotation actuated by external 
stimuli (Fig 3.3). The nanowires’ displacement is a complex motion comprising 
simultaneous rotation and translation which I speculate will lead to a strong dynamic 
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property change due to the larger pillar movement. Furthermore, to simplify the profile 
design of the molds, the surface feature can be defined by only three different parameters 
(also shown in Fig 3.2): length (L), inclined angle (A), and radius (R), by which it will have 
a better control on the surface geometry. Varying the combination of three factors can result 
in different surface features for evaluation; taking Fig 3.2 as an example for RP part again, 
one can pick the 75 μm as upper and lower radius, 250 μm as wave surface length with an 
inclined angle of 45 degree to make a profile design (donated as part L250_R75_A45), so 
that one will have the pillar’s aspect ratio is 250 μm / 150 μm=1.67. The designation of 
photolithography part will be P50_W100_A45, which means the pillar has 50 μm in width; 
window spacing as 100 μm and inclined angle is 45 degree. Table 3.1 shows the 
combinations of these three parameters done with the rapid prototype parts. Table 3.2 shows 
the combinations for the lithography parts and the aspect ratios of the pillar can be up to 5 if 
the SU8 is 50 μm in thickness. 
 
  
Fig 3.1 Ocean Wave Profile by sine function Fig 3.2 Profile Design of RP molds 
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Fig 3.3 Schematic of film deformation and pillar movement under loading 
Top: Ocean wavy film deformation 
Bottom: Inclining wavy film deformation 
 
Table 3.1 Parameters combination for RP parts 
R(μm) 25 75 125 
L(μm) 50 125 250 
A(degree) 30 45 60 
 
Table 3.2 Parameters combination for Photolithography parts 
Pillar width (P) (μm) 10 20 50 
Window width (W) (μm) 10 20 20 40 50 100 
Inclined angle (A) (degree) 30 45 60 
 
3.2 Deformation analysis (by Abaqus) 
3.2.1 Simulation Model Description 
This section lists the simulation settings and preliminary results of how the wavy 
film deforms under external stimuli such as a tensile force. 
The model starts from a five-wave PDMS film (the geometry is defined as 
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L250_R25_A45) with 5 pillars attached on one side of each wave surface (Fig 3.4). 
Also, it is assumed that the problem is planar, i.e. that PDMS film is very thin and very 
long along z direction in Fig 3.4; in addition, in this work, the main interest is in how 
the nanowires/pillars will change the angles when the film is stretching by external 
forces, thus simple beam analysis method is used to mesh the contour of the film so 
that the problem can be even simplified into one-dimensional problem in Abaqus. 
Moreover, no matter what kind of the external forces applying on the film will 
eventually result in the film to deform and have displacement in the direction of 
applying force, so in finite element analysis model, instead of applying forces onto the 
film, I choose to apply a certain amount of displacement (1.8mm, which is equivalent 
to 320% mechanical strain in current Abaqus model) to represent a general idea of film 
deformation. Also, the material of interest here is PDMS (Polydimethylsiloxane), 
which has non-linear, large-deformation rubber-elasticity material behaviors [19]; 
accordingly, an incompressible, hyperelasticity constitutive model has implemented in 
the finite element program Abaqus/Explicit to aid the design of the wavy films and the 
results will be used to predict the anisotropic wetting property of the films.  
Under the hyperelasticity theory, Kim et al. (2011) found that the second-order 
Ogden model fits the experimental data the best in the nonlinear, large-strain region; 
enhance, Ogden model is chosen and all the material constants are used to described 
the mechanical behavior of PDMS in Abaqus [20]. Although there are actually two 
different materials in the system: PDMS thin film and the attaching pillars, the 
dimension of the pillar (Carbon nanotube will be the material of interest in the future 
work) is assumed to be very trivial compared to the PDMS film, hence the material 
behavior of the pillar is ignored in this FEA model. The system setup and PDMS’ 
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material coefficients are shown in Table 3.3. Boundary condition settings are shown in 
Table 3.4. 
 
Fig 3.4 Simulation model with node labels 
 
Table 3.3 Geometry of PDMS and its corresponding material constants in Aabqus 
Geometry  
(rectangular profile) 
Film thickness 10μm 
width 10μm 
PDMS material properties 
(Ogden coefficients) 
𝜇1(𝑀𝑃𝑎) 63.4885 
𝜇2(𝑀𝑃𝑎) 0.041103 
𝛼1 6.371e-10 
𝛼2 3.81166 
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Table 3.4 Boundary Condition setup in Abaqus 
(1, 2 and 3 represent x, y and z direction respectively) 
Location (nodal number w.r.t. Fig 3.4) Constrain  
Left edge (node 22 & 87) U1=U2=U3=UR1=UR2=UR3=0 
Right edge (node 29) U2=0 
Bottom waves (node 73, 61, 49 & 37) U2=U3=UR1=UR2=0 
 
3.2.2 Simulation Results and Discussions 
The finite element simulation results (Fig 3.5) demonstrate the deformation of 
PDMS film when stretched from one end. It is clear to see that because of the 
hyperelastic material property of PDMS this thin film can be stretched up to 1.8e-3m 
(100% displacement in Fig 3.5), which is 320% strain (the data obtained from Abaqus 
elastic strain analysis) regarding to its original length without failure. Notably the film 
can fully recover to its original shape while unloading. 
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Fig 3.5 Deformation of the PDMS film under force 
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3.3 Wettability analysis 
The out-of-plane angle of rotation of pillars is the main interest in this case as 
mentioned before; hence, in this section, the film part has been removed and just shows the 
locus of pillars here. Fig 3.6 shows the history output of five pillars when the PDMS subject 
to 1.8 mm displacement applied from the right end of the film (node 29 in Fig 3.4). 
 
 
 
Fig 3.6 Pillars’ Position changing with continuous film deformation(x and y axes show the 
coordinates respectivily)  
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Fig 3.6 (Cont.) Pillars’ Position changing with continuous film deformation(x and y axes 
show the coordinates respectivily)  
 
As one can see, both the spacing between the pillars and angle of out-of-plane rotation 
are changing whith stretching. The spacing between the pillars is getting larger in the 
directrion of external force. On the other hand, the inclined angle of the pillar is -45 degree 
initially (Fig 3.6 the very top subplot), but at the last stage (Displacement of 1.8 mm) the 
inclined angle of pillars reaches 39.3 degree. Under this film stretching motion, one can 
generate a 84.7 degree of out-of-plane rotation of the pillar. The angle of rotation can be 
even larger, more than 90 degree is also possbile, if the film has been stretched more, 
became even flatter. In addition, the spacing between the pillars increased by 254%. This 
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distance is a function of the geometry and for example the shorter the length (L) in the 
designed waves the smaller the distance. This will have implications on the wetting 
behavior studied later. 
 
 
Fig 3.7 Schematic diagrams explaining the geometries for the proposed model to determine 
the critical angle, 𝜃𝑐𝑟, in the –X (left) and +X (right) directions. (picture taken from [1]) 
 
 
Fig 3.8 Model of predition of liquid droplet spreading 
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A simple two-dimensional rough wetting model (along the X and Z axes) is applied to 
explain the spreading behavior of the droplets following the work of Evelyn Wang group at 
MIT [1]. This model assumes that the liquid is partially wetting, and that the spreading 
proceeds by imbibition, where a thin liquid film is spreading among the pillars with its free 
surface at the height of the pillars. The main assumption in this model is that the capillary 
length is a lot larger than the height and spacing of the pillars, and thus the liquid profiles 
between the pinned lines at the base and tip of the nanowires are straight lines. The 
asymmetric pillars will change their inclined angles with the increasing strain as shown in 
Fig 3.6. Therefore, the critical contact angles can be calculated for both right hand side and 
left hand side of the pillars, called 𝜃𝑐𝑟,+𝑥 and 𝜃𝑐𝑟,−𝑥 respectively (see Fig 3.7). The 
inclined angles and the spacing between each pillar are taken by averaging the data from 
pillar 2, 3 and 4 in Abaqus simulation. This model assumes that the droplet propagates only 
if the contact line is able to reach the next row of pillars. In this case, the local contact angle 
of the liquid, which is the equilibrium contact angle, 𝜃𝐸  according to Young’s equation, 
must be equal to or smaller than a critical angle defined as 𝜃𝑐𝑟.  
Fig 3.8 shows the prediction of liquid droplets spreading. By connecting the 𝜃𝑐𝑟,+𝑥 
and 𝜃𝑐𝑟,−𝑥 under different amount of strain, the figure is separated into four regions: (1) No 
spreading 𝜃𝐸 ≥  𝜃𝑐𝑟,+𝑥 , 𝜃𝑐𝑟,−𝑥, (2) Uni-directional spreading in the –X direction 𝜃𝑐𝑟,−𝑥 ≥
 𝜃𝑐𝑟,+𝑥, (3) Uni-directional spreading in the +X 𝜃𝑐𝑟,+𝑥  ≥  𝜃𝑐𝑟,−𝑥 and (4) Bi-directional 
spreading 𝜃𝑐𝑟,+𝑥 , 𝜃𝑐𝑟,−𝑥 ≥  𝜃𝐸 . Therefore, if one chooses the liquid with equilibrium 
contact angle of 30 degree (the red dash path in Fig 3.8), the spreading behavior will start 
from flowing to the –X direction as the 𝜃𝑐𝑟,−𝑥 is larger than 𝜃𝐸 , but when the strain is large 
enough to make the pillars has inclined angle of -20 degree, the spreading will stop since 
the 𝜃𝐸  is dominant at this moment. Thus, the wetting and spreading properties of the wavy 
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surfaces are highly depends on the choice of liquid contact angle with the surface. Notably, 
the regions of this curve are asymmetric, which is a result of inclined wavy surface design.   
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CHAPTER 4 FABRICATION 
The fabrication methods and challenges of thin PDMS film with inclined waviness are 
addressed in this chapter. Two types of molds are used in the fabrication: Rapid Prototyped 
molds (with L=, R= and θ=) and SU8 molds made by inclined photolithography (with L=, R=, 
and θ=). Both were used to cast wavy PDMS films of thickness yy and a thin release sacrificial 
film of PMMA was used to enable the fabrication of free standing PDMS film of xx mm
2
 size. 
Finally, the method of CNT synthesis and transfer onto the PDMS film are also presented.  
 
4.1 Overview  
PDMS casting can readily replicate small microstructures by molding [21].  However 
the fabrication of the mold is challenging. For example self-wrinkling methods can’t be 
used due to the “re-entrant” inclined. The surface design of molds for depositing PDMS thin 
films are determined by three parameters: inclined sidewall length, inclined angle and radius 
for semicircular shape of arches and undercut bottom slots. By varying different dimensions 
combination of these three parameters on molds, one can get wavy surface with various 
cross-sectional views and different aspect ratio features (shown in Fig 4.1).  
 
Fig 4.1 Mold of wavy surface with five different features on the same part for evaluation 
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In this work, the molds with wavy features are built out of stereophotolithography and 
microfabrication processes. The molds made by three-dimensional printing are built in Ford 
Rapid Prototyping Lab in mechanical engineering apartment at University of Illinois at 
Urbana-Champaign with the help from Jeffrey Smith. In parallel, the molds from 
microfabrication will be prepared by inclined photolithography in Micro-Nano-Mechanical 
Systems Cleanroom Laboratory in MEB at University of Illinois at Urbana-Champaign. 
To the 3D printer has a minimum vertical resolution of 2.5µm according to the manual. 
However, due to the post processing steps involved in preparing and cleaning the part 
reducing the dimensions of the PR molds is very difficult. So far we have tried all the 
combination in Table 3.1, only the one which has very high aspect ratio with large degree of 
inclination (R25_L250_A60) failed to be fabricated by RP parts because the pillars tend to 
collapse in post-processing of RP parts. With the smaller features, the geometry is 
somewhat preserved but with very rough surface. 
 
4.2 Mold fabrication 
4.2.1 Molds by stereophotolithography 
Stereophotolithography (a variation of 3D printing) is a process of making 
three-dimensional objects from a digital file.  The technology allows the fabrication of 
plastic prototypes with intricate geometries but suffers from low dimensional tolerances 
and throughputs. To prepare the digital file for printing, it starts with making a virtual 
design file of the object by a computer-aided design (CAD), and then the software slices 
the final model into hundreds of thousands of horizontal layers, so that the printer can 
scan and create the object layer by layer, resulting in a three-dimensional object. The 
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idea is in which photopolymerization is used to produce the solid part from a SLA liquid, 
which is an ultraviolet curable photopolymer resin. For each layer, the laser beam traces 
a cross-section of the part pattern on the SLA liquid surface, and then exposure to the 
ultraviolet laser light cures and solidifies the liquid resin making this layer joined the 
previous layer below it. The same process will be repeated for all the cross-sections 
until the part is completed. 
In this work, I fabricated the wavy PDMS film out of a method that is kind of 
similar to casting that we named “double molding”, which is two parts of the mold will 
be generated: one is the upper mold, the other one will be the lower mold. With these 
two molds ready, PDMS will be poured and cured in a gap between two parts and form 
a wavy PDMS thin film automatically. However, there are two more issues waiting to 
be solved, which are how to make a perfect alignment of these two molds and how to 
hold a uniform gap between the upper and lower molds so that we have a film with 
uniform thickness thoroughly. Here, a unique alignment design has been applied to 
design the molds solving the two questions asked above, which is called kinematically 
constrained self-alignment mechanism. The idea is adding semi-circular shaped bumps 
to each end of the molds for both upper and lower parts. One larger bump on the upper 
mold and two smaller bumps on the lower mold; also, these bumps are very 
well-designed so that when these two parts are brought into contact, they will form a 
uniform gap in between. Figure 4.2 shows the final parts with self-alignment design 
made by Viper si Stereo Lithography Apparatus (SLA) in MechSE Rapid Prototyping 
Lab. 
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Fig 4.2 Self-alignment mechanism for rapid prototype molds  
(Here shows L250_R125_A45 RP part) 
 
4.2.2 Molds by photolithography 
 In addition to the rapid prototyping from 3D printers, building the molds out of 
microfabrication process is also been taken into consideration; although, the molds by 
photolithography will not be able to reach the round, curved surface features as designed, 
but it helps minifying the molds’ dimensions significantly (shown in Fig 4.3). The 
inclined SU-8 pillars are outlined in Fig 4.3 as the silicon substrate serves as a mirror 
so that the darker part under the red line is actually the reflection of the pillars. The 
right hand side of Fig 4.3 shows the as-fabricated SU-8 pillars with 45 degree of 
inclination, and because of this asymmetry the image presents a darker shadow along 
the pillars to the left. 
  
Fig 4.3 Molds made by photolithography SU8 on silicon 
(Left: Cross-sectional view under telecentric lens / Right: Top view from optical 
microscope of photolithography part of P50_W100_A45 coated with PMMA)  
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I applied inclined lithography technique to achieve desired inclined sidewalls on 
molds. Typically, conventional photolithograph methods do not be able to vary the 
lateral feature dimensions, like slope and undercut. Therefore, inclined lithography was 
developed to overcome the limitation of straight features [1] Inclined lithography 
enables the formation of 3D geometries such as inclined micropillars and truncated 
cones, by tilting the wafer with respect to the light source and optionally rotating the 
wafer and/or the mask during UV exposure (see Fig 4.4). The three-dimensional 
microstructures made by inclined UV lithography using negative thick photoresist, SU-8. 
SU-8 performs as a functional material but not a sacrificial layer during this process. 
Also, SU-8 is chosen since this thick negative photoresist has good mechanical 
properties and allows the fabrication high-aspect ratio microstructures, the structure 
made of the resist can be used as molds for transferring desired geometries to PDMS thin 
films.  
The general fabrication idea is as follows: a photomask is placed on the top of a 
photoresist-coated substrate, and the whole setup is put on an angle-adjustable stage. 
The stage is using to change the tilting angle and the resist is exposed to UV (the basic 
setup is shown in Fig 4.5). For SU-8, a 365nm UV light source with the dose of 
500mJ/cm2 is used and the resist is developed in SU-8 developer at room temperature 
after post-exposure baking. 
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(a) Exposure process (b) PR structure 
Fig 4.4 Schematic diagram of microstructure fabrication with inclined UV lithography 
 
 
Fig 4.5 Setup for inclined UV exposure 
 
The fabrication process (Table 4.1) of the SU-8 micropillars by inclined 
lithography is as follow: SU-8 (MicroChem SU-8 2025) is spin coated on a clean 
silicon substrate, then shined with the 365nm UV light with photomask with an 
inclined angle after soft bake. After post-exposure baking, developing in the SU-8 
developer following by rinsing and nitrogen blow drying. 
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Table 4.1 Fabrication process of photolithography molds 
Step Description and parameters 
Substrate cleaning 
• Acetone  IPA  DI  IPA  N2 blow dry 
• O2 plasma (3 min at 250 W) for better PR adhesion  
SU8 coating 
• 1ml of resist for one each inch of substrate 
• Spin 500 rpm for 10sec w/ acceleration of 100rpm/sec 
• Spin 1700 rpm for 32sec w/ acceleration of 300rpm/sec 
• 1700rpm  50um  
Soft bake 
• 65C, 2 min 
• 95C, 10 min 
UV expose  
with 45 degree of 
inclination 
• 365 nm UV need dose 150mJ/cm2 
• UV exposure energy: ~13.5W 
• Exposure time 12 sec 
Post-exposure baking 
• 65C, 2 min 
• 95C, 7 min 
Develop 
• Use SU8 developer for 10-15 min with agitation at room 
temp 
Rinse and dry • Water  IPA N2 drying 
Hard bake • Bake at 150C, 10 min for annealing 
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4.3 Wavy PDMS film fabrication (with PMMA sacrificial layer) 
In this section, fabrication process of the wavy PDMS film will be introduced. Since 
there are two major mold materials: one is made out of silicon substrate and SU8 by 
photolithography; the other one is done by the engineering plastic with rapid prototype parts; 
therefore, we developed two different alignment methods for molds to form the wavy 
PDMS films. 
 
4.3.1 Making PDMS film from RP parts and its alignment method 
As discussed in section 4.2.1, the RP parts are designed with self-alignment 
spherical bumps, so when the upper and lower parts touch to each other, it will form a 
uniform air gap (10µm in this case) in the center (see Fig 4.2). Note that the alignment by 
bumps only confines the motion of these two parts in two direction (x and z direction in 
Fig 4.2) as the alignment in y direction (out of plane) is not a big concern. The RP molds 
are also been examined under optical microscope before PDMS pouring to check the size 
of the gap and the alignment condition (Fig 4.6). The molds now are ready to produce 
wavy PDMS film, which the fabrication process will be discussed in section 4.3.3. 
 
    
Fig 4.6 Images of final RP parts (L250_R125_A45 is chosen) (Left: wavy gap between 
upper and lower molds / Right: alignment bumps) 
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4.3.2 Making PDMS film from photolithography parts and its alignment method 
Regarding to the photolithography parts, I used the molds designated 
P50_W100_A45. This is the same dimension for both upper and lower molds and one 
can flip one part upside down as the top mold then bring these two parts close to each 
other but not touching the other part, letting the micropillars go into where the window 
spacing are, then it will also form a gap in between two molds and the gap is about 
18µm in width (Fig 4.7). Moreover, the parts done by the inclined lithography do not 
have an alignment mechanism, they are not being able to do the alignment 
automatically and hold a desire gap distance as the thickness of the PDMS. It is also 
noteworthy that because of the inclined angle of the SU-8 pillars, any misalignment 
will make the grooves collide with each other and damage easily.  Therefore, how to 
make a good and reliable alignment becomes a critical issue here. In this work, there 
are two XYZ translation stages from Thorlabs are used to hold each piece of mold 
separately, which provide the capability to adjust three degrees of freedom: x,y and z 
translations. A rotational stage and a mirror mount which provides the capability to 
adjust x and y in-plane rotation are also mounted on the XYZ translation stage; so that 
the whole setup (a XYZ translation stage, a rotational stage and a mirror mount, see 
Fig 4.8) will have the ability to control the movement over xyz directions, in-plane 
rotation and out-of-plane rotation. Viewing the alignment condition with the help of 
telecentric lens, a good alignment has been achieved. After checking the alignment, all 
the stages can be locked and ready for pouring PDMS into the gap. 
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Fig 4.7 Alignment of SU-8 micropillars 
(Left: schematic drawing/Right: Photo of real-time alignment by telecentric lens) 
  
 
Fig 4.8 Alignment setup for SU-8 molds (insets show the DoF) 
 
4.3.3 PDMS film molding process 
The desired thickness of PDMS is very thin, which is around 10-20 µm, under 
this dimension, the PDMS thin film tears while being removed from the molds due to 
strong surface adhesion force. Therefore, before pouring PDMS, a very thin layer of 
Poly(methyl methacrylate (PMMA) has been coated on the surfaces for both the RP 
molds and SU-8 molds. PMMA is a widely used material as a sacrificial layer because 
it is soluble in water or acetone [22]. 
For the wavy PDMS film fabrication, after having the upper and lower molds 
ready, a thin layer of PMMA with thickness of ~300 nm is spin-coated on the molds at 
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1000 rpm for 60 seconds as a sacrificial layer prior to the PDMS coating. Using the 
translation stages to align the positions of upper and lower molds very accurately and 
lock the stages (use self-alignment mechanism if using RP parts). The PDMS 
elastomer used is Sylgard 184 (Dow Corning). Silicone rubber base and curing agent 
were mixed in a 10:1 mass ratio. In order to remove air bubbles from the mixture it is 
vacuumed for 20 minutes. After removing air bubbles, the PDMS is pouring to the 
container that has the upper and lower parts done with alignment. PDMS then is cured 
at room temperate for at least 24 hours. Once PDMS is cured, it is peeled off from the 
master by dissolving the PMMA sacrificial layer in acetone as seen in the following 
Fig 4.9. Also, the fabrication process steps and the chosen parameters are all listed in 
Table 4.2.  
 
 
Fig 4.9 PDMS film release by dissolving PMMA in acetone 
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Table 4.2 Fabrication process of wavy PDMS films 
Step Parameters / Property Schematic drawing 
Bottom/lower  
molds fabrication 
• SU-8 lithography  
• rapid prototype parts 
 
Spin coating with 
PMMA  
• 300nm in thickness 
• Curing at 180C for 90 sec 
 
Molding alignment By translation stages  
Pouring and curing 
PDMS 
 
 
Soaking with Acetone 
for dissolving PMMA 
 
 
Wavy PDMS film 
releasing 
 
 
 
4.4 CNT synthesis and transfer 
The standard procedure to prepare catalyst for VA-CNT is shown in Fig 4.10 [23]. The 
catalyst consists of 10 nm Al2O3 and 1nm Fe films on the top of silicon wafers. The Fe film 
will be the main source for the catalyst after annealing and the Al2O3 will serve as a 
supporting layer. Sputtering of Al2O3 is conducted in MNMS cleanroom in Mechanical 
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engineering building and e-beam evaporation for Fe films are carried out in MRL in Prof. 
John Roger’s group. 
 
1. Catalyst deposition 
 
2. Annealing and forming 
Fe nanoparticles 
3. CNT growth 
4. VA-CNT 
microstructures 
Fig 4.10 Schematic of fabrication process for VA-CNT microstructures  
(picture adapted from [23]) 
 
4.4.1 VA-CNT growth and Transfer 
The silicon wafer with catalyst is then diced into rectangular pieces and loaded 
into the tube furnace as shown in Fig 4.11. The furnace used in this experiment is a 
Thermo-Fisher Minimite with 1” diameter quartz tube. The sample’s leading edge is 
placed at 60 mm downstream the center of the furnace (where the thermocouple is 
located). This location is called the “sweet spot”. The reaction gases are supplied using 
digital Mass Flow Controllers (MFCs, Aalborg Inc.) connected to a PC with National 
InstrμmentsTM data acquisition (DAQ) card and LabviewTM software interface. As 
shown in Fig 4.12, the recipe consists of 3 stages: catalyst annealing, CNT growth and 
termination. This recipe is developed by Tawfick [23]. The process is at atmospheric 
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pressure and the exhaust gas is regulated using a mineral oil bubbler. The standard 
recipe illustrated in Fig 4.12 uses He/H2 flows of 400/100 standard cubic centimeter 
(sccm) during heating and annealing and He/H2/C2H4 flows of 400/100/100 sccm 
during growth at 775°C. It results in a vertical CNT growth rate around 80 μm/min. 
The height of CNTs is controlled by the growth time. 
 
 
Fig 4.11 Chemical Vapor Deposition system setup for VA-CNT growth 
 
 
Fig 4.12 VA-CNT growth recipe 
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Then the as-grown VA-CNTs are transferred and attached onto wavy PDMS films 
by simply pre-stretching and flattening the films and bring into contact with the CNT 
forest. The CNTs will stick onto PDMS films by van der Waals force. The results will 
be discussed in more detail in Chapter 5. 
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CHAPTER 5 RESULTS AND DISCUSSIONS 
In this chapter the results of the wavy PDMS films fabrication are shown. Challenges in the 
fabrication and methods to overcome them are discussed. In situ microscopy characterization of 
the strain behavior of the films due to in-plane tensile testing is shown. 
 
5.1 Wavy PDMS Films by SU-8 molds 
There are two different materials of the molds used in this project to form wavy PDMS 
films: molds with SU-8 pillars on silicon substrates and the plastic RP molds, resulting in 
PDMS films with two different profiles which will be discussed in follow. 
As the photolithography parts have the inclined SU-8 pillars on the top of silicon wafer, 
the PDMS film will have the inclined and rectangular profile which is shown in Fig 5.1. By 
looking at Fig 5.1, it is found that the SU-8 pillars do not match well with each other; in 
other words, the pillars on the upper molds do not going to the trenches on the lower molds. 
The errors of misalignment is the upper mold needs to be shifted 25 μm either to the right or 
to the left and also needs to lower it down 30 μm, if the lower mold is set fixed. Therefore, 
the as-formed PDMS film looks like bulk rhombus PDMS blocks connecting by very thin 
PDMS lines. 
 
 
Fig 5.1 PDMS film formed by photolithography molds 
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To be able to control alignment in all 5-critical degrees of freedom which is discussed 
in Section 4.3.2, it is necessary to check the images from at least 3 sides, they are front view, 
back view and side view, simultaneously while aligning. Therefore, in addition to the 
problem stated above, backside and front side misalignment is also a serious problem. Since 
the alignment job is done by viewing the cross-section of the silicon wafer from one side 
(the smile face spot in Fig 5.2), there is no way to check the backside alignment. When the 
PDMS is poured into the molds and cured, it turned out to be getting thicker film in the 
back but thinner film in the front side because the backside alignment is hard to alter and 
conduct (see Fig 5.2). Moreover, the out-of-plane misalignment also exists, which means 
only the upper molds’ pillars in the front side match the trenches on the lower molds, but the 
backside of the upper and lower molds remain open. 
The difficulties of checking the images from multiple directions under the telecentric 
lens mainly come from the telecentric lens used in this experiment is a prime lens, so the 
image can be only focused at a fixed distance. As small dimensions of the SU-8 molds, to 
put the molds right at the focus and view them from three directions by the telecentric lens 
(Fig 5.3) is very challenging and time-consuming.  
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Fig 5.2 Misalignment problem of photolithography molds showing the variation in the profile 
and thickness of the film between the front and the back 
 
 
Fig 5.3 Top view of the alignment setup 
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To solve this problem, a turntable and a mirror stage have been added to the original 
alignment stages, which can help to adjust the out-of-plane angle of the molds and rotate the 
whole setup without changing any relative positions of each element: the camera, alignment 
stages, and molds. Also, the rectangular holder of the SU-8 molds is designed with two 
removable gates in both the front and back sides, which helps the illumination and imaging. 
After done with the alignment and before pouring PDMS, these two gates can be put back 
on as they are designed with mortise and tenon without additional fasteners. With the aid of 
rotatable table, we can double check the front side and backside alignments by swinging the 
turntable back and forth without changing the position of the camera. The results are shown 
in Fig 5.4.  
  
   
Front view Back view 
Fig 5.4 Front and back views of the PDMS film by photolithography parts 
after having turntable and mirror stage 
 
In Fig 5.4, it shows very clearly that the out-of-plane misalignment and front 
side/backside misalignment have been improved dramatically by adding a mirror stage and 
a turntable. Although the back view in Fig 5.3 the profile of the PDMS film still looks 
similar to the one in Fig 5.1, the front view is very close to the desired shape. The error of 
misalignment is 0.143 degree of in-plane rotation, thus one can see that to do the alignment 
in microscale is very challenging and time-consuming, and even a very small of degree of 
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misalignment will cause the whole geometry goes wrong. 
 
5.2 Wavy PDMS Films by RP molds 
Regarding the PDMS films out of RP molds, the alignment of upper and lower molds 
is much easier compared to the photolithography molds as they have the kinematic coupling 
alignment mechanism. Therefore, a larger scale and 15mm long continuous PDMS film has 
been achieved by this method (Fig 5.5). Also, since the RP molds are printed from the CAD 
files, they have the capability to form the exact inclined wavy shape as desired instead of 
the rectangular profiles. The wavy PDMS films released from the PR parts are shown in Fig 
5.6.  
The molds chosen here have the dimensions as L250_R125_A45 with 10um gap 
distance between the upper and lower molds. However, the as-formed PDMS films have 
larger thickness than design (10um in this case). The film in Fig 5.6 has the thickness close 
to 200 um which may come from the long curing time of the PDMS and the incompressible 
material property of PDMS. On the other hand, from Fig 5.6 one can see that all the PDMS 
films have non-uniform thickness such that the re-entrant side is always thinner than the 
other side which indicates that the molds are shifting a certain distance to the positive x 
direction during curing. In Fig. 5.6 it is shown that the wavy PDMS films have un-uniform 
thickness: thicker film (~150um) on the left-hand-side wave surfaces, but thinner film 
(~40um) on the right-hand-side waves. This shifting may cause by several reasons; for 
instance, the reflowing of PDMS when curing or the resolution limitation of the 3D printers. 
At the time of writing this thesis, the mechanism of this observed shifting is still under 
investigation. 
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Fig 5.5 A 15mm in length continuous wavy PDMS from RP molds  
(Molds dimension as L250_R125_A45) 
 
  
Fig 5.6 Cross-sectional view of wavy PDMS films 
 (molds dimension as L250_R125_A45) 
 
5.3 Wavy PDMS Film Stretching Experiments 
Our goal is control the effective surface properties by the deformation of wavy PDMS 
films when they subjected to external forces. Therefore, we tested our as-formed PDSM 
films under tensile loading directly (Fig 5.7) and under the cases of different amount of the 
deionized (DI) water droplets presenting on the top of the surfaces (Fig 5.8. Flat PDMS 
without chemical or plasma treatment has a contact angle of 113 degree with DI water [24]. 
The film we tested here again has the same dimensions as L250_R125_A45 from RP 
molds and its thickness is around 200um. The original length of the film is 8mm and it is 
stretched by 4mm which is equivalent to 50% mechanical strain without failures. Basically, 
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the deformation of the film follows the FEA model very well in Chapter 3. However, the DI 
droplets stay stationary when loading no matter what is the volume of the droplets, so there 
is no any anisotropic wetting behavior is observed at this stage. The change of contact 
angles (CA) with respect to different volumes of DI droplet are shown in Table 5.1. From 
Table 5.1, the right contact angle is always larger than the left contact angle before film 
stretching. After film deformation, we obtained about the same degrees of angle change in 
the left hand side; however, the changes of right contact angle vary depending on the initial 
positions, whether the droplet is sitting on the peak or the valley of the wave, of the droplets. 
The reason is mainly because the equilibrium contact angle is high and the RP parts are not 
smooth enough so that the DI water droplets wet the surfaces perfectly.  
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→ 
 
Fig 5.7 PDMS film stretching experiment 
(LHS: initial length of the film / RHS: stretched film) 
 
   
↓ ↓ ↓ 
   
20uL DI water droplet 40uL DI water droplet 60uL DI water droplet 
Fig 5.8 Film stretching experiment with varying volume of DI water droplets 
(The top row shows the initial length of PDMS films; 
the bottom row shows the PDMS films with 4mm elongation) 
 
Table 5.1 PDMS contact angle changes with external forces 
 Before stretching After stretching Angle differences 
       CA(degree) 
Drop Volume  
Left Right Left Right Left Right 
20μL 94.40 126.87 93.47 91.39 -0.93 35.48 
40μL 92.07 113.95 99.30 111.76 7.23 -2.19 
60μL 84.32 143.53 77.61 104.99 -6.71 -38.54 
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5.4 CNT Transferring to PDMS Wavy Films 
In addition to stretching the PDMS films with DI water, we also attempted to attach the 
CNTs on the wavy PDMS surfaces and then pull the film horizontally. The CNTs 
transferring is done by pre-stretching the PDMS film and bringing it into contact with the 
CNT forest, the CNT will automatically attach to the PDMS surface because of the van der 
Waals force between these two materials [25]. The adhesion of CNTs and PDMS is not 
repeatable without using any adhesion layers. Therefore, the result shown here is a simple 
initial demonstration and proof of concept. In Fig 5.9, one can see that although it is 
extremely difficult to transfer CNTs to the film without patterning or adhesion layer, the 
out-of-plane rotation of the CNTs can still be observed while film stretching. The very top 
sub image of Fig 5.9 shows the initial state of the film with as-transferred CNT, which 
means the film now is 0% strain. Also, it is very obvious that the CNT bundle has an initial 
45 degree of inclination in the red circle spot as we attached the CNTs on the inclined wavy 
surface. When increasing the load to make the film has the strain up to 50%, the CNT 
bundle now is standing straight up with respect to the PDMS film (the very bottom image in 
Fig 5.9). It is concluded that with 50% of the strain one it is possible to make a nearly 45 
degree of out-of-plane rotation; therefore, if more loading or displacement is applied, a 
larger than 90 degree of out-of-plane movement of the wires is achievable. 
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Fig 5.9 Stretching of CNTs attached wavy PDMS film (Top to bottom: 0%, 45% & 50% strain 
respectively) 
 
As mention before, the transfer of CNTs onto PDMS films is a preliminary result at 
this stage. It is necessary to make a more robust bonding between CNT and PDMS by 
means of uncured PDMS and/or spin coating a thin layer of PMMA before transfer [26]. 
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CHAPTER 6 CONCLUSION AND OUTLOOK                                                                                                                                                                                                                       
6.1 Thesis contributions 
The thesis comprised two main efforts: design and development of fabrication methods 
for a new asymmetrically wetting dynamic surface; investigation of the liquid spreading and 
a wetting property model for a wavy PDMS film. The major contributions can be 
summarized as follows: 
Methods for fabrication of wavy PDMS film with asymmetric inclination 
- Proposed a new asymmetric dynamic surface incorporating hierarchical micro and 
nano structures 
- Designed the wavy PDMS surfaces with only three parameters: Length, Radius and 
Inclined angles 
- Demonstrated a method to fabricate the wavy features by double-molding using RP 
fabricated molds 
- Demonstrated an approach to mold thin PDMS using a sacrificial layer of PMMA 
- Demonstrated a route to manufacture it using inclined photolithography and proposed 
methods to overcome the alignment challenges 
Understanding the performance of the as-designed dynamic surface 
- Modeled thin (xx µm) PDMS films with FEM, selected the right material model to 
show the deformation of the film and the angle changes when it subjects to external 
strain 
- Studied and modeled the unidirectional wetting property of the film by calculating the 
advancing and receding contact angles with a simplified geometry  
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6.2 Outlooks 
The status of dynamic surfaces 
Regarding the objective of designing and fabricating “dynamic” surfaces, a few new 
studies were recently published and it shows that this field has a promising applied potential. 
For example, Prof. Wang’s demonstrated a new magnet-controllable surface which can 
direct the flow of liquid or light [15]. However, this technique is limited by (1) the use of 
magnetic material, and (2) that the pillars tilt without translating such that they can only 
change the spreading behavior from a source (like a pipette). These two limitations show the 
promise of the proposed designs and confirm that this field is not yet explored.  Combining 
a variety of surfaces and functionalization with hierarchical complexities will allow surface 
studies of unusual wetting behavior in a more systematic way, and that is the goal I intend 
to achieve in this thesis. 
 Future steps 
Forming a wavy PDMS thin film with CNTs attached on inclined waves offers a 
unique combination of 2D wrinkles and 1D micro/nanowires into a 3D features with 
scalability and capability of dynamic response as a microfabrication process. It shows the 
promise to tune the surface properties of wettability or adhesion in micro- and/or even in 
nano scale applications. A myriad of this surface and applications are yet to be explored. I 
consider the most important of which to be: 
 The actuation mechanisms 
In this thesis, the direct mechanical strain is applied to stretch the film and I 
expect this to be achieved by using simple linear actuators or dielectric elastomers as 
these forces can be precisely controllable to make a more accurate displacement.  
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 Mold Manufacturing 
In the previous chapters, it has shown that the wavy PDMS films with a specific 
inclined angle are realized by both photolithography molds and RP parts. However, 
there are still some problems need to be overcome:  
- Double molding of PR parts has shifting problem as it makes the film with 
un-uniform thickness. Also, the shifting is always toward the same side, so 
the mechanism behind this needs more research. In addition, how to improve 
and modify the design of RP parts to make as-formed PDMS films having 
desired thickness will be the next step in near future. 
- Misalignment problems for the photolithography molds. How to make the 
alignment more efficient and robust is the most critical issue to solve. Also, 
varying the inclined angles and heights of the SU-8 pillars to evaluate the 
profile needs to be done soon. 
- Applying other methods for molds fabrication, like using micro wire EDM, it 
can achieve down to ~ R25 μm and L250 μm features, which is 5 times 
smaller in radius compared to the RP parts and higher pillars’ aspect ratio. 
However, the cost of making molds from wire EDM is extremely high since 
the whole process takes time.
 The coating with CNTs and other nanomaterials 
- The next step is going to use adhesive layers before attaching the CNTs onto 
PDMS films that makes the surfaces withstand higher strain without 
breaking or tearing, and at the same time it holds the CNTs to the substrate. 
 Wetting model 
- The wetting and spreading model presented in Chapter 3 is a theoretical basis 
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which needs to be complemented with a series of experiments to examine the 
concept; for example, doing the stretching experiments with lower contact 
angle solvent such as IPA or by plasma etched PDMS films to make them 
more hydrophilic. 
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